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Abstract
Objective—To evaluate age-related differences in inflammation biomarkers during the first 72
hours of hospitalization for sepsis.
Methods—This was a secondary analysis of a prospective observational cohort of adult patients
(n=855) from ten, urban, academic emergency departments with confirmed infection and two or
more systemic inflammatory response syndrome criteria. We analyzed six inflammation-related
biomarkers—chemokine (CC-motif) ligand-23 (CCL-23); C-reactive protein (CRP); interleukin-1
receptor antagonist (IL-1ra); neutrophil gelatinase-associated lipocalin (NGAL); peptidoglycan
recognition protein (PGRP); and tumor necrosis factor receptor-1a (TNFR-1a)—measured at
presentation and 3, 6, 12, 24, 48, or 72 hours later.
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Results—The median age was 56 (IQR 43–72) years and sepsis severity was 38% sepsis, 16%
severe sepsis without shock, and 46% septic shock; the overall 30-day mortality was 12%. Older
age was associated with higher sepsis severity: 41% of subjects aged 18–34 years had severe
sepsis or septic shock compared to 71% for those aged ≥65 years (p<0.001). In longitudinal
models adjusting for demographics, co-morbidities, and infection source, older age was associated
with higher baseline values for CCL-23, IL-1ra, NGAL, and TNFR-1a (all p<0.05). However,
older adults had higher mean values during the entire 72-hour period only for NGAL and
TNFR-1a, and higher final 72-hour values only for TNFR-1a. Adjustment or stratification by
sepsis severity did not change the age-inflammation associations.
Conclusion—While older adults had higher levels of inflammation at presentation and an
increased incidence of severe sepsis and septic shock, these age-related differences in
inflammation largely resolved during the first 72 hours of hospitalization.
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INTRODUCTION
Severe sepsis is a syndrome of infection-related acute organ dysfunction that hospitalizes
750,000 annually, resulting in 215,000 deaths and an estimated $16.7 billion in direct
medical costs in the US (1). While adults and children of all ages are susceptible to severe
sepsis, older adults (age ≥65 years) account for over half of emergency department (ED)
visits and hospitalizations, and the incidence and case-fatality rates of severe sepsis both rise
dramatically with age (2–5).
Inflammation is a key contributor to both the prevention and pathophysiology of severe
sepsis. While inflammation plays an important role in normal host defense, locally
beneficial host responses become detrimental during uncontrolled systemic activation (6–8).
Altered regulation of inflammation is postulated to be a central explanation as to why older
adults with acute infection have exponentially higher risk of developing severe sepsis than
younger adults (8–11). Indeed, a hallmark of sepsis syndromes is the altered initiation of
pro-inflammatory responses at the onset of infection and anti-inflammatory responses during
resolution (12, 13).
Serum biomarkers of inflammation provide the ability to both prognosticate severity of
sepsis (14) and evaluate the timing and trajectory of the inflammation during the acute
infection. However, few studies longitudinally report age-related differences in
inflammatory biomarkers, as most studies have been cross-sectional at variable times during
their hospital course. Existing data are contradictory on whether older adults have greater or
suppressed acute inflammation and whether this contributes to the poorer outcomes of
severe sepsis in older adults (7, 8, 15, 16). In this study, we analyzed six novel biomarkers
of inflammation measured serially for 72 hours as part of a large, multicenter longitudinal
cohort of emergency department (ED) patients admitted for sepsis (14). The primary
objective was to evaluate age-related differences in these inflammation biomarkers during
first 72 hours of hospital presentation.
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Study Design and Participants
This study was a secondary analysis of a prospective, multicenter, observational cohort
performed in ten academic centers in the United States over an 18-month period. This cohort
was comprised of a convenience sample of ED patients hospitalized for suspected sepsis
based on the following inclusion criteria: 1) ED patients age ≥18 years; 2) presumptive
source of infection suspected by the treating clinician or a serum lactate level >2.5 mmol/L;
and 3) at least two of the four criteria for systemic inflammatory response syndrome: a)
temperature >38°C or <36°C; b) respirations >20 breaths/min or partial pressure of carbon
dioxide <32 mm Hg; c) heart rate >90 beats/minute; d) white blood cell count >12,000
cells/mL or <4,000 cells/mL or greater than 10% immature forms. The exclusion criteria
were pregnancy, do-not-resuscitate status, or cardiac arrest.
The original purpose of this investigation was to identify a panel of biomarkers to predict
risk of organ dysfunction, shock, and death and has been previously reported (14). The study
was approved by the Institutional Review Board for Human Research at each participating
center and included consent for secondary analysis of the data collected. In the present
study, we performed a secondary analysis to evaluate age-related differences of the
inflammation-related biomarkers.
Data Collection
Details of the data collection for the overall cohort of 1,038 subjects are described
previously (14). Briefly, after obtaining written informed consent, pertinent demographic
data and comorbid conditions were collected along with whole blood that were centrifuged
and cryopreserved within 1 hour of collection. During the subsequent 72-hour period from
enrollment, we collected serial vital signs, whole blood samples, the results from available
laboratory testing, and the presumed source of infection. Although all subjects had suspected
sepsis at enrollment, for this analysis we excluded 166 subjects for whom infection was
thought unlikely based on the hospital course (e.g., alternate diagnosis determined and
treatment for infection discontinued). Additionally, 17 subjects were removed from the
analyses due to not having biomarker data at any of our time points (time = 0, 3, 6, 12, 24,
48, or 72 hours). Thus all 855 patients in our analysis had sepsis (infection plus systemic
inflammatory response syndrome), and contributed biomarker data for at least one time-
point (see Table, Digital Content 1 for availability of each biomarker by study time-point).
We further classified sepsis as severe sepsis based on presence of organ dysfunction or
septic shock based on hypotension after fluid resuscitation using a classification scheme
adapted from the American College of Chest Physicians/Society for Critical Care Medicine
consensus criteria (17). These classifications were based on the worst sepsis severity during
the first 72 hours after enrollment.
Biomarker Selection
All biomarker measurements were independently performed in a single laboratory (Biosite,
San Diego, CA). An initial exploratory screening of ~150 biomarkers from roughly the first
250 patients was performed to identify a focused list of biomarkers to be tested in the entire
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cohort. Nine biomarkers were selected based on the performance and feasibility to afford the
greatest potential for a point-of-care biomarker panel (the purpose of the original study). For
this analysis, we further narrowed this list to six of the biomarkers related to inflammation
as follows: chemokine (CC-motif) ligand-23 (CCL-23); C-reactive protein (CRP);
interleukin-1 receptor antagonist (IL-1ra); neutrophil gelatinase-associated lipocalin
(NGAL); peptidoglycan recognition protein (PGRP); and tumor necrosis factor receptor 1a
(TNFR-1a). These biomarkers were measured using standard immunoassay techniques
involving the use of recombinant murine antibodies, as previously described (14). We did
not include the three biomarkers from the original study that were not related to
inflammation (Brain natriuretic peptic, D-dimer, and Protein C).
Statistical analysis
We present descriptive data as proportions, means (standard deviations), and medians
(interquartile ranges). For the primary analysis, we evaluated the association age-related
differences in inflammation biomarker values over the 72-hour study period. Age was
stratified into five evenly distributed categories (18–34, 35–49, 50–64, 65–79, and ≥80
years). The distribution for each of the six biomarkers was evaluated, and each was natural
log transformed to normalize the data.
To be able to model the longitudinal data with the flexibility to incorporate the changes in
trajectories, we used a backward-selection-type strategy, first fitting knots at each time-point
of data collection (hours 3, 12, 24, and 48). We removed knots where there was not a
significant change in trajectory for the biomarkers globally. For each age group, we modeled
our final piecewise-linear function with knots at 24 and 48 hours, resulting in a model which
both showed the changes over time well and also provides for sensible times of data
collection for clinicians. Maximum likelihood estimation for incomplete repeated measures
was used for these repeated measure data. This approach enabled us to include all available
data in the analyses and lower the assumptions about randomness of missing data.
Using mixed longitudinal regression, we modeled the biomarker values for each age group,
adjusting for fixed co-variates (sex, race/ethnicity, co-morbid conditions, and source of
infection). Because we hypothesized that inflammation mediates the association between
age and sepsis severity, we did not include sepsis severity as a co-variate in the primary
analysis. However, we did do a sensitivity analysis including sepsis severity to evaluate the
extent to which sepsis severity confounded the association between age and inflammation.
To obtain a more complete evaluation of these associations, we also evaluated the
prevalence of each sepsis severity classification by age group, and modeled the association
between sepsis severity and inflammatory biomarker values during the 72-hour time period.
The biomarker longitudinal trajectories were summarized by calculating the mean values
over the course of the 72-hour time period. The association between age and biomarker
levels for the overall mean, at baseline and at 72 hours was tested by fitting a linear
regression between the model-estimated biomarker level (adjusted for all covariates) and
age. For these tests, standard statistical conventions were used (e.g. 2-tailed tests where p-
values <0.05 were considered statistically significant). Transformed values were
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exponentiated for interpretation and comparison in the actual units of the biomarker. We
performed statistical analyses using SAS 9.3 (Cary, NC, USA).
RESULTS
Baseline Characteristics and Clinical Outcomes
Table 1 displays baseline characteristics of the 855 study subjects analyzed in this study.
The median age was 56 years (inter-quartile range 43–72) and 49% of subjects were racial/
ethnic minorities. The most common co-morbidities were hypertension (47%) and diabetes
mellitus (29%) and the most common sources of infection were pulmonary (35%) and
genitourinary (18%). During the first 72 hours, 62% of subjects were classified as severe
sepsis or septic shock. Vital status was known at day 30 for 695 (81%) subjects, of which
the mortality rate was 12%.
Association of Older Age and Inflammation Biomarkers with Sepsis Severity
The association of age with sepsis severity and 30-day mortality is presented in Figure 1. As
anticipated, sepsis severity was higher in patients with older age in our cohort with 41% of
subjects aged 18–34 years with severe sepsis or septic shock compared to 71% for those
aged ≥65 years (p<0.001). In addition, older age was associated with higher 30-day
mortality, ranging from 2.9% in subjects aged 18–34 years compared to 21% for those aged
≥80 years (p<0.001). Greater sepsis severity was associated with higher baseline values for
each of the six inflammatory biomarkers (Figure 2; all p<0.05). In addition, septic shock was
associated with a greater overall mean value during the first 72 hours for five of the six
biomarkers (p<0.05 for CCL23, CRP, IL-1ra, NGAL, and TNFR-1a). These results confirm
that both older age and higher acute inflammation was associated greater sepsis severity.
Older Age and Inflammation Biomarkers
Having confirmed these findings to validate the data characteristics based on well-accepted
associations, our focus then turned to the association between older age and these
biomarkers of acute inflammation (Figure 3 and Table 2). Older age was associated with
higher baseline values for CCL-23, IL-1ra, NGAL, and TNFR-1a (all p<0.05). By hour 72,
biomarker values were similar across all groups, except for TNFR-1a, which remained
higher with older age. The overall mean during the first 72 hours were similar across all age
groups for CCL-23, CRP, IL-1ra, and PGRP (all p>0.05) and was higher with older age only
for NGAL and TNFR-1a. The fixed effects of other baseline co-variates in this primary
longitudinal model are provided in Supplemental Digital Content 2 (Table showing
additional estimates for the model).
Sensitivity Analyses
We performed additional sensitivity analyses to evaluate the potential for confounding by
severity. Because we hypothesized that inflammation mediates the association between age
and sepsis severity, sepsis severity was not included as a covariate in the primary analysis.
In one sensitivity analysis (Figure 4), sepsis severity was added as a covariate and the
relative associations between age and biomarker values were similar to the primary analysis
(Figure 3), although the overall magnitudes of the adjusted biomarker values were lower. In
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addition, when we performed a pre-specified subgroup analysis for the highest sepsis
severity (septic shock), the relative associations between age and biomarker values were also
similar to the primary analysis, although, as expected, the overall magnitudes of the adjusted
biomarker values were higher (Figure 5).
DISCUSSION
To our knowledge, this is the largest study of age-related differences in inflammation
biomarkers measured longitudinally during the acute care phase of sepsis. Our results
indicate that older adults have higher levels of inflammation at presentation for sepsis, as
measured by CCL-23, IL-1ra, NGAL, and TNFR-1a, even after adjusting for sepsis severity.
However, while older adults had an increased incidence of severe sepsis and septic shock,
older adults have a similar acute trajectory for most, but not all, inflammatory biomarkers
measured during the first 72 hours of hospitalization. Only TNFR-1a remained associated
with older age at 72 hours, and differences while statistically significant, were relatively
small in magnitude. These results have important implications on understanding the role of
acute inflammation in the higher sepsis severity and worse long-term outcomes observed
with older age.
Prior studies strongly support an association between acute inflammation and sepsis
outcomes. For example, higher inflammation during the acute phase of sepsis has been
associated with mortality in epidemiological studies and animal models of sepsis (18–23). In
addition, persistent sepsis-associated inflammation at hospital discharge is associated with
increased long-term mortality (24). Our results also confirm a strong association between the
measured inflammatory biomarkers and sepsis severity, at baseline and during the first 72
hours.
While older adults clearly have a higher incidence and severity of sepsis (2–5), the role of
inflammation in driving these outcomes is unclear. Indeed, competing theories suggest that
poorer sepsis outcomes in the elderly may be driven by increased or prolonged acute
inflammation causing secondary host damage, or by enhanced immunosuppression leading
to delayed recovery and secondary infections (7, 8). Explanations for higher acute
inflammation in older patients include inefficient pathogen clearance causing prolonged
stimulation of immune responses, greater predisposition for inflammation in
immunosenescence, and limited physiologic reserve causing greater feedback for pro-
inflammatory cytokine release. In experimental sepsis, older mice have greater acute
inflammation, which directly correlates to higher mortality (25–27). However, immune
responses in animal models of sepsis may correlate well to human responses (28). In human
studies of healthy volunteers infused with lipopolysaccharide (LPS), older age was
associated with prolonged inflammation, particularly for TNF-α and TNFR-1 (29). While
providing additional information about healthy human subjects, these findings may not
reflect immune responses in the frail older patients that are most predisposed to sepsis and
associated adverse outcomes (2).
In a preliminary study of 22 patients hospitalized with pneumococcal infections, baseline
and day 3 levels of pro-inflammatory cytokines were similar, but TNF-α and TNFR-1 were
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higher at day 7 in older patients, suggesting a delayed resolution of inflammation (30).
Subsequently, in a large cohort study of patients hospitalized for community-acquired
pneumonia. Kale and colleagues reported large age-related differences in 90-day mortality
but similar inflammatory responses measured serially during the first 7 days of
hospitalization (15). Data for patients with sepsis are limited to cross-sectional studies. For
example, in a cohort of patients with septic shock, Marik and colleagues reported no age-
related baseline differences in inflammatory biomarkers, except TNF-α, which was higher
only in subjects ≥85 years old (16). However, these patients were enrolled later in the
hospital course and in a more advanced stage of illness than those enrolled in the present
study. Our results suggest that factors other than higher acute inflammation (e.g., inefficient
clearance of pathogens) may primarily cause worse sepsis-related outcomes in older adults.
Indeed, a recent study of peritoneal sepsis demonstrated that aged mice, compared to young
mice, had higher mortality largely due to impaired innate immune responses and associated
defective bacterial clearance despite similar pro-inflammatory cytokine responses (31).
Our study has several strengths and extends findings of prior studies in several ways. By
enrolling patients early in their hospital course (i.e., in the ED), we were able to capture
inflammation around the time of initiation of therapy. In addition, our cohort included a
broad range of ages and sepsis severity. Contrary to some prior studies, we found that
inflammation was elevated for several measured biomarkers at baseline. Potential
explanations include 1): a higher baseline level of chronic inflammation observed in older
adults (32); 2) presentation in a later stage of illness perhaps due to less specific signs of
infection with aging (33); or 3) less regulated acute inflammation with immunosenescence
(8, 11). During the first 72 hours, inflammatory biomarkers converged and age-related
differences resolved, except for TNFR-1. These data indicate that interpretation of results
from similar studies may depend on the biomarkers selected. Further, unlike prior studies
(34), immunosuppression or decreased production of acute pro-inflammatory cytokines does
not appear to be common during the first 72 hours of acute care in older septic patients.
Our results are consistent with prior studies that TNFR-1 appears to demonstrate the greatest
age-related differences in infection- and sepsis-related inflammation. The reasons for this
remain unknown, although TNFR-1 is increasingly recognized for its prognostic value in
older adults across a variety of conditions (35–38). While TNF-α has been explored as a
potential target in sepsis (39), therapy directed solely at TNF-α blockade has not been a
successful therapeutic option (40). However, further study may shed light on the value of
TNF and relative derivatives as a biomarker and the pathophysiological role in age-related
susceptibility to sepsis.
Limitations
This study has several potential limitations. We relied on inflammatory biomarkers selected
as part of the original study (14) and no stored samples were available for additional
measurement of traditional (e.g., IL-6 or procalcitonin) or additional novel biomarkers. In
addition, biomarkers were measured only during the first 72 hours; thus, we were unable to
evaluate age-related differences over longer time intervals. Data were censored for
potentially divergent reasons—improvement resulting in hospital discharge or deterioration
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resulting in death. However, we evaluated the available data for these subgroups and the
trajectories were similar. We do not have data on pre-illness values of the biomarkers, nor
was there standardization of timing of presentation relative to illness onset. For example,
chronic inflammation might mediate the association between age and chronic diseases, such
as coronary heart disease (41, 42). Thus, observed age-related differences in biomarker
values at presentation for sepsis may reflect differences in chronic inflammation or time
from illness onset to ED presentation. Finally, sepsis severity was both an outcome and a
potential confounder of the age-inflammation association, which increases risk of
confounding by severity. Sensitivity analyses that included sepsis severity as a covariate and
stratified by sepsis severity did not materially change the results. However, further
adjustment for overall illness severity, such as APACHE II scores, were not possible with
available data and may lead to residual confounding.
Conclusions
Based on our assessment of six biomarkers of inflammation, in adjusted longitudinal models
we found that older age was associated with greater inflammation at baseline; however,
these differences resolved during the first 72 hours for all biomarkers except for TNFR-1a.
We also found a strong association between age and both sepsis severity and 30-day
mortality. Further characterization of sepsis in older patients is an important priority for the
critical care community (43). As exuberant inflammation remains implicated in sepsis
outcomes, we suggest that acute inflammation may not be the primary case of poorer
outcomes in older patients with sepsis and that further study on the pathophysiology of
higher age-related susceptibility to sepsis-related organ injury despite similar levels of
inflammation. Attention should be focused on host factors that are global (frailty), organ-
specific (chronic organ dysfunction), or immune-related (immunosenescence) and in the
specific inflammatory biomarkers selected.
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Figure 1. Association of age with sepsis severity (A) and 30-day mortality (B)
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Figure 2. Longitudinal association between sepsis group and biomarkers
Sepsis Group
 Sepsis  Severe Sepsis  Septic Shock
Model adjusted for age, sex, race/ethnicity, co-morbid conditions, and source of infection
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Figure 3. Longitudinal association between age and biomarkers
Age, years
 18–34  35–49  50–64  65–79  ≥80
Model adjusted for sex, race/ethnicity, co-morbid conditions, and source of infection
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Figure 4. Longitudinal association between age and biomarkers, adjusted for sepsis severity
Age, years
 18–34  35–49  50–64  65–79 ≥80
Model adjusted for sex, race/ethnicity, co-morbid conditions, source of infection, and sepsis
severity
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Figure 5. Longitudinal association between age and biomarkers (limited to septic shock)
Age, years
 18–34  35–49  50–64  65–79  ≥80
Model adjusted for sex, race/ethnicity, co-morbid conditions, and source of infection
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Table 1








Female Sex 444 52%
Race/Ethnicity
Non-Hispanic white 432 51%





Diabetes mellitus 244 29%
Cardiovascular disease 215 25%
Prior stroke 85 10%
Immunocompromised state 149 17%
Cirrhosis 27 3.2%








Sepsis Group (worst syndrome over first 72 hours)
Sepsis 323 38%
Severe sepsis 138 16%
Septic shock 394 46%




Biomarkers Values Mean (SD) Median (IQR)
Chemokine (CC-motif) ligand-23, ng/mL 3.5 (3.4) 2.5 (1.4–4.5)
C-reactive protein, μg/mL 89 (61) 74 (39–139)
Interleukin-1 receptor antagonist, pg/mL 2613 (4455) 780 (320–2398)
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Characteristic n %
Neutrophil gelatinase-associated lipocalin, ng/mL 293 (345) 156 (61–382)
Peptidoglycan recognition protein, ng/mL 132 (162) 69 (44–154)
Tumor necrosis factor receptor 1a, ng/mL 19 (25) 10 (5.6–20)
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